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Band structure reconstruction across nematic order in high quality FeSe single crystal
as revealed by optical spectroscopy study
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We perform an in-plane optical spectroscopy measurement on high quality FeSe single crystals
grown by a vapor transport technique. Below the structural transition at Ts ∼90 K, the reflectivity
spectrum clearly shows a gradual suppression around 400 cm−1 and the conductivity spectrum shows
a peak at higher frequency. The energy scale of this gap-like feature is comparable to the width
of the band splitting observed by ARPES. The low-frequency conductivity consists of two Drude
components and the overall plasma frequency is smaller than that of the FeAs based compounds,
suggesting a lower carrier density or stronger correlation effect. The plasma frequency becomes even
smaller below Ts which agrees with the very small Fermi energy estimated by other experiments.
Similar to iron pnictides, a clear temperature-induced spectral weight transfer is observed for FeSe,
being indicative of strong correlation effect.
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I. INTRODUCTION
The PbO-type FeSe has the simplest structure in
iron-based superconductors with a stack of edge-sharing
FeSe4-tetrahedra layer by layer. The undoped FeSe ex-
hibits superconducting transition at Tc ∼9 K, but it can
easily reach 37 K upon applying hydrostatic pressure1
and over 40 K by intercalating space layers2,3. The Tc
of the single layer FeSe film grown on SrTiO3 (STO) has
been reported to be ∼60−70 K in angle-resolved pho-
toemission spectroscopy (ARPES) experiments4–7 and
Meissner effect measurements8,9. A recent in-situ trans-
port measurement on monolayer of FeSe grown on
SrTiO3 even shows a sign of superconductivity over 100
K10.
FeSe undergoes a structural transition at Ts = 90 K.
However, different from the iron arsenic based systems,
in which a tetragonal to orthorhombic structural transi-
tion usually precedes or coincides with stripe-type anti-
ferromagnetic (AFM) order, there is no long-range mag-
netic order at any temperature in FeSe11,12. Experimen-
tal and theoretical studies suggested that the structural
transition is caused by the electronic nematicity which
breaks the C4 rotational symmetry. It is widely be-
lieved that the mechanism of nematicity is tied to the
pairing mechanism of high-Tc superconductivity in Fe-
based superconductors. However, whether the nematic-
ity has a spin or orbital origin remains controversial. On
the other hand, FeSe superconductors also show several
other peculiar physical properties. A recent study shows
that FeSe has extremely small Fermi energy (εF) and the
superconducting energy gap (∆) is comparable to the
Fermi energy. This places FeSe superconductor in the
Bose-Einstein condensation - Bardeen-Cooper-Schrieffer
(BEC-BCS) crossover regime13. An ARPES study14 re-
vealed the existence of Dirac cone band dispersions in
FeSe thin films, and an theoretical study15 predicated a
nematicity-driven topological phase transition in FeSe.
In any sense, the nature of these fascinating phenomena
and their interplay need to be understood comprehen-
sively by using different experimental methods.
For a long time, the single crystal growth of FeSe
with a pure ab-plane facet turned out to be difficult be-
cause of the narrow phase formation range. The reported
plate-like single crystals grown by flux method usually
contained secondary phase and quite often had a (101)
surface16, making it very difficult to study the intrinsic
in-plane properties. As a result, pure FeSe was far less
studied than other Fe-based superconductors, particu-
larly by spectroscopic techniques. Although some efforts
were made in growing relatively thick ab-plane thin-films
by pulsed laser deposition technique, which permitted
measurement of some in-plane properties, e.g. by optical
spectroscopy technique, the quality of the films grown
by this technique was far from perfect. A substantial
progress was made only after the vapor transport growth
technique was used to grow FeSe crystals17. The high
quality single crystal samples obtained by this technique
enable researchers to investigate the various electronic
properties by different techniques.
Optical spectroscopy is a powerful bulk technique to
investigate charge dynamics and band structure of mate-
rials as it probes both free carriers and interband excita-
tions. Our previous studies of FeSe thin film on STO18
has shown some interesting results but it is not enough
to understand the complex physics in FeSe. No spectral
change associated with the structural or nematic order
was observed due to the relatively low quality of the thick
films. So further optical studies of bulk FeSe are neces-
sary. In this work, we report an optical spectroscopy
study on high quality FeSe single crystal.
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FIG. 1. (Color online) a Optical reflectivity at five representative temperatures in the frequency range from 0 to 8000 cm−1.
b Optical reflectivity from 0 to 800 cm−1. The arrow marks the position of the suppression of R(ω) below 120 K. c Optical
conductivity σ1(ω) at five representative temperatures from 0 to 8000 cm
−1. d Optical conductivity σ1(ω) from 0 to 800 cm
−1.
The arrow marks the position of the gap-like peak below 120 K. Inset of (d) shows the phonon peaks in the expanded scale
II. EXPERIMENTAL
The FeSe single crystals were grown using vapor trans-
port method17. The optical reflectance measurements
were performed on a combination of Bruker IFS 80 v/s
and 113 v spectrometers in the frequency range from 30
to 26000 cm−1. An in situ gold and aluminum over-
coating technique was used to get the reflectivity R(ω).
The real part of conductivity σ1(ω) was obtained by
the Kramers-Kronig transformation of R(ω) employing
an extrapolation method with X-ray atomic scattering
functions19. This new method of Kramers-Kronig trans-
formation was proved to be more accurate and effective
in analyzing the optical reflectivity.
III. RESULTS AND DISCUSSIONS
The temperature-dependent in-plane optical reflectiv-
ity R(ω) and conductivity σ1(ω) are shown in Fig. 1.
At low frequencies (the lower panels of Fig. 1) a sharp
phonon mode at about 240 cm−1 can be seen clearly.
This mode shifts slightly to higher frequency and be-
comes sharper with decreasing temperature. It can be
seen more clearly in the inset of Fig. 1d. This phonon
mode is commonly seen in Fe-based superconductors
and ascribed to the in-plane displacements of Fe-As(Se)
atoms. The mode appears at a higher frequency than
that observed at 187 cm−1 for Fe1.03Te and 204 cm
−1 for
FeTe0.55Se0.45 samples
20. The effect is due to the reduced
mass of the Se atom as compared with the Te atom. The
clear observation of this in-plane phonon mode and its
temperature-dependent effect indicates the good quality
of the single crystal sample.
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FIG. 2. (Color online) Cutoff frequency dependent spectral
weight at five different temperatures. Inset: the normalized
spectral weight Ws(7 K)/Ws(120 K) up to 2000 cm
−1
Below the structural phase transition (in nematic
phase) a clear temperature dependent suppression is seen
in R(ω), leading to a dip-like feature near the frequency
of 400 cm−1 as indicated by an arrow in Fig. 1b. Ac-
cordingly, σ1(ω) shows a peak-like structure at some-
what higher frequency. This is a typical gap-like fea-
ture. Moreover, this feature can be seen from the spec-
tral weight analysis as we shall present below (see inset of
Fig. 2). ARPES studies have revealed that there exists
the splitting of dxz and dyz bands and possible additional
separation of dxz/yz and dxy bands in nematic phase
21–23.
The energy scale of the band splitting at low tempera-
ture is about 50 meV at M point21,22 and 30 meV at Γ
point23 which is comparable to the central energy of the
Lorentz peak (540 cm−1 or 67 meV) observed on σ1(ω)
(see Table I and discussion below). The gap-like feature
in our optical spectra thus should be associated with the
band reconstruction below Ts. Note that in the optical-
conductivity measurements the gap value should be less
than the location of the peak in σ1(ω), thus the dis-
crepancy between the results from ARPES and optics is
small. It is also worth noting that a previous pump-probe
experiment on FeSe film indicated an emergence of gap-
like quasiparticles (associated with a energy gap ∆ ≈ 36
meV) below 100 K24 though the extraction of an energy
gap from this technique is indirect. This gap-like feature
is similar as the energy gap formation in nematic phase
observed by infrared experiment in parent compounds
of iron pnictides25–27 (including 122, 111, and 1111 sys-
tems). In these iron pnictides the nematicity is generally
considered to be driven by magnetism28. However, un-
like the iron pnictides, there is no stripe-type long-range
antiferromagnetic order in FeSe at any temperature. Be-
cause the absence of long-range magnetic order and weak
spin-fluctuation at high temperature around Ts observed
by NMR11 the orbital-driven model seem to be more
plausible. This scenario was support by some ARPES
experiments21 and some theoretical studies29. However,
a recent theoretical study based on J1-J2 model of spin-
1 local moments with strongly frustrated exchange in-
teractions indicated that its quantum fluctuations can
lead to a nematic quantum paramagnetic phase consis-
tent with the observations in FeSe30. A recent inelastic
neutron scattering study12 revealed substantial commen-
surate stripe spin fluctuations in the tetragonal phase
and there exists strong coupling between the stripe spin
fluctuations, nematicity and superconductivity in FeSe.
A polarized ultrafast spectroscopy study was also in favor
of the magnetic origin of nematicity31. Apparently, the
nematicity which is responsible for the band reconstruc-
tion in FeSe have not yet well-understood. The gap-like
feature observed in our optical results could give helpful
information on this topic.
At low frequencies, Drude-like response exists in the
conductivity spectrum (see Fig. 1d). This behavior
is also observed in Fe-pnictides such as FeTe0.55Se0.45
and BaFe2As2
25,26. To estimate the Drude weight or
plasma frequency of the FeSe and characterize the spec-
tral change across the phase transition, we decompose the
optical conductivity spectral into different components
using a Drude-Lorentz analysis. The dielectric function
has the form25,32–34
ǫ(ω) = ǫ∞−
∑
k
ω2p,k
ω2 + iω/τk
+
∑
j
Ω2j
ω2j − ω
2
− iω/τj
, (1)
where ǫ∞ is the dielectric constant at high energy, the
middle and last term are the Drude and Lorentz com-
ponents. The complex conductivity is σ(ω) = σ1(ω) +
iσ2(ω) = −ω[ǫ(ω) − ǫ∞]/4π. We use two Drude com-
ponents (a sharp one and a broaden one) and several
Lorentz components, including a Lorentz peak of phonon,
to fit the optical conductivity. The conductivity spectra
at different temperatures can be reproduced. The fitting
results at two representative temperatures, the lowest one
at 7 K and the room temperature, are shown in Fig. 3.
Detailed fitting parameters at low frequencies are listed
in Table I. Here, a Lorentz component at low frequency is
added to character the gap-opening like feature of σ1(ω)
but not used above Ts. Usually the energy of the gap
can be estimated by the central frequency of this Lorentz
model25. In this case the central frequency is about 540
cm−1 (67 meV) at 7 K. In the two component approach,
the overall plasma frequency ωp could be considered as
being contributed from two different channels and be cal-
culated as ωp = (ω
2
p1 + ω
2
p2)
1/2
. In the present case we
obtain the ωp ≈ 10000 cm
−1 above Ts and ωp ≈ 7200
cm−1 at low temperature as shown in Table I. Another
method to estimate the overall plasma frequency is to
calculate the low-ω spectral weight, ω2p = 8
∫ ωc
0
σ(ω)dω.
The cut-off frequency ωc is chosen so as to make the
integration cover all contribution from free carriers and
exclude contribution from interband transition. Usually,
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FIG. 3. (Color online) The experimental data of σ1(ω) together with the Drude-Lorentz fits at 7 K (a from 0 to 8000 cm
−1, b
from 0 to 800 cm−1) and 300 K (c from 0 to 8000 cm−1, d from 0 to 800 cm−1)
TABLE I. Parameters of Drude-Lorentz fit at low frequencies and the overall plasma frequencies at different temperatures
Drude1 Drude2 Lorentz ωp
T ωp1 Γ1 ωp2 Γ2 ω0 ωp Γ (ω2p1 + ω
2
p2)
1/2
[8
∫ ωc
0
σ(ω)dω]1/2
(K) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
300 10200 670 3310 45 - - - 10700 8900
200 10000 655 3330 36 - - - 10500 8700
120 8800 640 3500 36 - - - 9400 8500
50 6300 409 3600 34 510 4600 600 7300 6570
7 5940 330 4160 30 540 4840 510 7200 6170
the integral goes to a frequency where the conductivity
shows a minimum. By choosing ωc (780 cm
−1 at 300 K,
750 cm−1 at 200 K, 700 cm−1 at 120 K, 360 cm−1 at
50 K and 330 cm−1 at 7 K) we recalculate the plasma
frequencies and the results are shown in Table I. All the
values of ωp obtained by the second method are smaller
than the former ones. Because the balance of Drude tail
and Lorentz onset can not be accurately determined by
the minimum of conductivity, the difference between two
methods is not unreasonable.
The overall plasma frequency is related to the carrier
density n and effective mass m∗ by ω2p = ne
2/(ǫ0m
∗).
Assuming that the effective mass of charge carriers does
not change much with decreasing temperature, we get
the ratio of ω2p,7k/ω
2
p,300k (45 % for first method and
48 % for second method), suggesting more than half of
the free carrier spectral weight is suppressed after the
structural or nematic phase transition. So the carrier
density of FeSe at low temperature becomes significantly
small. We remark that the band reconstruction or gap-
like suppression below nematic phase transition was not
observed in our earlier study on FeSe film grown on
SrTiO3 substrate by pulsed laser deposition technique
18,
most likely due to the relatively poor quality of the film
compared with present single crystal samples grown by
vapor transport technique. The significantly small ωp at
low temperature is consistent with very small Fermi en-
ergy (εF . 10 meV) seen in recent ARPES and many
5other measurements21–23,35,36. In fact, due to the very
small εF, it is suggested that FeSe is in the BEC-BCS
crossover regime13,37 where ∆/εF ∼ 1.
As temperature decreases, from Fig. 1c we can clearly
see that the broad peak at 4000 − 5000 cm−1 becomes
narrow and shifts to higher energy. By defining the spec-
tral weight asWs =
∫ ωc
0
σ1(ω)dω, the transfer of spectral
weight can also be seen in Fig. 2. Ws at low tempera-
ture between 2000 and 4000 cm−1 is lower but recovers
at higher frequency, i. e., the spectral weight is trans-
ferred to higher frequency region. This feature in the
present high quality FeSe single crystal is more promi-
nent than that observed in FeSe film on STO substrate18
and even other iron pnitctides38,39. However, the relevant
energy scale for FeSe is smaller than that for BaFe2As2
whose spectral weight was transferred to a region above
5000 cm−1. Such temperature-induced spectral weight
transfer was ascribed to the Hund’s coupling effect be-
tween itinerant and localized Fe 3d electrons in different
orbitals38. FeSe as well as other iron-chalcogenide com-
pounds have stronger electron correlation effect, leading
to a larger local moment of 2µB
40 and higher band renor-
malization factor41. The relatively smaller energy scale
of temperature-induced spectral weight transfer reflects
the complex interplay effect between Hund’s correlation
effect and kinetic energy of electrons in those iron-based
superconductors.
IV. SUMMARY
In summary, we perform an in-plane optical spec-
troscopy measurement on high quality FeSe single crys-
tals grown by a vapor transport technique. Below the
structural or nematic phase transition at 90 K, the re-
flectivity spectrum clearly shows a gradual suppression
around 400 cm−1 and the conductivity spectrum shows
a peak at higher frequency. The energy scale of this gap-
like feature is comparable to the band splitting observed
by ARPES and should be associated with the band re-
construction accompanied by the structural transition.
The low-frequency conductivity consists of two Drude
components and the overall plasma frequency is smaller
than that of the FeAs based compounds. Further reduc-
tion of plasma frequency is observed below the structural
phase transition temperature, being consistent with the
very small Fermi energy observed in other measurements.
Similar to iron pnictides, a temperature-induced spectral
weight transfer is observed for FeSe, providing evidence
for the strong correlation effect.
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